1 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 411 816 A2 



EUROPEAN PATENT APPLICATION 



© Application number: 90308134.7 
@ Date of filing: 25.07.90 



© Int. CI. 5 : G02B 6/12 



© Priority: 03.08.89 US 389087 
03.08.89 US 389074 

© Date of publication of application: 
06.02.91 Bulletin 91/06 

© Designated Contracting States: 
DE DK FR GB IT SE 



© Applicant: AMERICAN TELEPHONE AND 
TELEGRAPH COMPANY 
550 Madison Avenue 
New York, NY 10022(US) 

@ Inventor: Koch, Thomas L. 
12 Donner Street 
Holmdel, New Jersey 07733(US) 
Inventor: Koren, Uziel 
26 Forrest Avenue 
Fair Haven, New Jersey 07704(US) 



0 Representative: Watts, Christopher Malcolm 
Kelway et al 

AT&T (UK) LTD. AT&T Intellectual Property 
Division 5 Mornington Roadoadoad 
Woodford Green Essex IG8 OTU(GB) 



© Tapered semiconductor waveguides and method of making same. 



CM 
< 

CD 
00 



LU 



© Adiabatic mode control and structural reproduc- 
ibility are achieved by a tapered semiconductor 
waveguide structure wherein semiconductor guiding 
layers are interleaved with stop-etch layers and each 
guiding layer extends further along the propagation 
axis of the waveguide further than the guiding layer 
immediately adjacent thereabove to create a 
staircase-like core or guiding structure. Cladding re- 
gions of appropriate semiconductor material having a 
lower index of refraction than the tapered core struc- 
ture may be added to completely surround the ta- 
pered guiding structure. The profile of the tapered 
structure is realizable as any desired staircase-like 
shape such as linear, parabolic, exponential or the 
like. Additional layers of higher index of refraction 
semiconductor material may be included in the clad- 
ding region to permit additional beam shaping of the 
expanded spatial mode propagating along the ta- 
pered waveguide. 

Photolithographic masks defining successively 
larger exposed areas are aligned, deposited over the 
waveguide structure, and then removed following 
each etching step. Material selective etching tech- 



niques are employed to remove exposed 
(unmasked) portions of guiding layers. In sequence, 
the exposed, formerly underlying portions of the 
stop-etch layers are then removed using material 
selective etching. Iteration of the above process 
steps permits a tapered waveguide structure to be 
defined. 
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TAPERED SEMICONDUCTOR WAVEGUIDES AND METHOD OF MAKING SAME 



Technical Field 

This invention is related to semiconductor de- 
vices and, more particularly, to devices incorporat- 
ing optical waveguide structures. 

Background of the invention 

Efficient transfer of lightwave signals from one 
waveguide to another is important to the develop- 
ment of optical systems and circuits. Lightwave 
communication systems require communication, at 
a minimum, between the transport medium such as 
optical fiber and waveguide devices such as lasers, 
couplers, switches and detectors. By comparison, 
propagating modes of the lightwave signals in the 
transport medium are significantly larger than in the 
waveguide devices. For example, signal mode op- 
tical fibers propagate lightwave signals having a 
fundamental mode of approximately 6-1 Ojxm width 
whereas waveguide devices such as single fre- 
quency semiconductor lasers support lightwave 
signals having a fundamental mode width less than - 
approximately 1 urn. 

Tapers have been developed to control the 
mode size of the guided lightwave signals and, 
thereby, provide efficient coupling between optical 
waveguide devices and optical fibers. Tapers have 
been realized in two forms: a fiber taper which, as 
the name suggests, is based solely in the optical 
fiber and a tapered v/aveguide which is based 
solely in the device structure. In both forms, the 
taper increases or decreases along the direction of 
propagation for the lightwave signals. 

Tapered waveguides, whether based in semi- 
conductor material or electrooptic material, have 
been formed by epitaxial growth techniques or by 
special etching techniques such as photoelec- 
trochemical etching or selective chemical etching. 
In addition, tapers have been formed in either the 
horizontal or the vertical direction, transverse to the 
propagation direction. For example, see Appl. 
Phys. Lett, 26(6), pp. 337-40(1975), U. S. Patent 
3,993,963, and U. S. Patent 3,978.426. while in- 
dividual attempts to create tapered waveguides 
have succeeded, it has been found that the tech- 
niques employed lack sufficient controllability for 
making identically reproducible tapered 
waveguides from one device to the next. 

Summary of the Invention 



Adiabatic mode control and a high degree of 
structural reproducibility are afforded by a tapered 
semiconductor waveguide structure wherein indi- 
vidual semiconductor guiding layers are interleaved 

5 with corresponding individual stop-etch layers and 
each successive guiding layer extends further 
along the propagation axis of the waveguide than 
the guiding layer immediately adjacent thereabove 
to create a staircase-like core or guiding structure. 

io Cladding regions of appropriate semiconductor ma- 
terial having a lower index of refraction than the 
tapered structure may be added to completely 
surround the tapered structure. The profile of the 
tapered guiding structure is realizable as any de- 

75 sired shape such as linear, parabolic, exponential 
or the like. 

In another embodiment, additional layers of 
higher index of refraction semiconductor material 
may be included in the cladding region to permit 

20 additional beam shaping of the expanded spatial 
mode propagating along the tapered waveguide. 
In additional embodiments, the tapered semi- 
- conductor waveguide is included as an intra-cavity 
element for semiconductor lasers to provide beam 

25 expansion at an end facet, for example. 

Photolithographic masks defining successively 
larger exposed areas are aligned, deposited over 
the waveguide structure, and then removed follow- 
ing each etching step. Material selective etching 

30 techniques are employed to remove exposed 
(unmasked) portions of guiding layers. In se- 
quence, the exposed, formerly underlying portions 
of the stop-etch layers are then removed using 
material selective etching. Iteration of the above 

35 process steps permits a tapered waveguide struc- 
ture to be defined. 



Brief Description of the Drawing 

40 

A more complete understanding of the inven- 
tion may be obtained by reading the following 
description of specific illustrative embodiments of 
the invention in conjunction with the appended 
45 drawing in which: 

FIGs. 1 through 4 show successive processing 
steps for making a tapered semiconductor 
waveguide (shown in cross-sectioned view) in 
accordance with the principles of the invention; 
50 FIG. 5 is a cross-sectional view of an exemplary 
tapered semiconductor waveguide including 
beam shaping elements; and 
FIGs. 6 and 7 show exemplary lightwave signals 
input to and output from the tapered semicon- 
ductor waveguides shown in FIGs. 4 and 5, 
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respectively. 
It should be noted that the elements and em- 
bodiments shown in the various FIGs. have not 
been drawn to scale. They are merely illustrative of 
aspects of the present invention. As a result, the 
drawing is intended to be construed for purposes 
of explication and not for the purpose of limitation. 



Detailed Description 

The semiconductor heterostructure shown in 
FIG. 1 may be fabricated by standard epitaxial 
processing techniques such as molecular beam 
epitaxy, vapor phase epitaxy, and metal organic 
chemical vapor deposition. Fabrication techniques 
including semiconductor layer growth, impurity 
doping, photolithography and any contact metal- 
lization to realize exemplary devices shown in 
FIGs. 4 and 5, in accordance with the principles of 
the invention described above, are believed to be 
well known to those persons of ordinary skill in the 
art. For a complete overview and discussion of the 
techniques, see AT&T Technical Journal , Vol. 68, 
No. 1 (January/February 1989). 

It is understood that, while the material system 
InGaAsP/lnP is described below for fabricating the 
tapered semiconductor waveguide device, other 
material combinations may be selected from other 
semiconductor Group IH-V systems such as 
GaAs/AIGaAs, GaAs/AIAs, InGaAs/lnAIAs, 
InGaAs/lnGaAlAs, and GaAsSb/GaAIAsSb. In these 
semiconductor systems, the layers may be lattice- 
matched to suitable GaAs or InP substrates. Mis- 
matching is also contemplated wherein strained 
layers are grown over the substrate material, fi- 
nally, extension of the device structures is also 
contemplated to semiconductor compounds in 
Group ll-VI. 

Since the practice of the present invention in- 
volves the formation of a staircase-like profile 
through a series of layers, it is necessary to have a 
starting workpiece including the necessary series 
of layers. An exemplary series of layers having the 
desirably necessary attributes comprises a plurality 
of guiding layers and a corresponding plurality of 
stop-etch layers interleaved with the plurality of 
guiding layers as shown in FIG. 1. Standard epitax- 
ial growth techniques commonly known to those 
persons of ordinary skill in the art were employed 
to form the semiconductor heterostructure in FIG. 
1. 

As shown in FIG. 1, a lower cladding layer 10 
supports the guiding layer/stop-etch layer inter- 
leaved structure. Layer 10 comprises InP and, in 
some applications, may lie between the guiding 
layer/stop-etch layer interleaved structure and a 
substrate. In other applications, layer 10 may act 



also as the substrate for the waveguide. 

Above layer 10 are grown the following layers 
in succession: guiding layer 11, stop-etch layer 12, 
guiding layer 13, stop-etch layer 14, guiding layer 
s 15, stop-etch layer 16, guiding layer 17, stop-etch 
layer 18, guiding layer 19, stop-etch layer 20, and 
guiding layer 21. The guiding layers comprise 
semiconductor material having a higher index of 
refraction than the index of refraction for the ma- 
70 terial forming a cladding for the waveguide, wheth- 
er semiconductor, air or otherwise. In the present 
example, quaternary material comprising ln t . 
y Ga y ASxPi-x is employed for guiding layers, wherein 
the alloy composition ratios x and y are selected to 
75 produce a particular lattice constant and a particu- 
lar wavelength or energy bandgap for the 
heterostructure. For a description of techniques for 
choosing x and y, see R. Moon et al., J. Electron. 
Materials, Vol. 3, p. 635 et seq. (1974). Thickness 
20 of individual guiding layers is taken into consider- 
ation when determining the shape of the tapered 
waveguide and the amount of spatial mode con- 
finement desired at each end and along the length 
of the tapered waveguide. 
25 The stop-etch layers comprise semiconductor 

material which have a substantially reduced etch 
rate for any etchant or etching technique which is 
utilized in the processing of the guiding layers. In 
this example, InP stop-etch layers have a lower 
30 etch rate in the material selective -etchants which 
are used to remove exposed portions of InGaAsP 
guiding layers. By employing these techniques, it 
is possible to fabricate tapered waveguides in 
which each stop-etch layer may possibly have a 
35 thickness measured from heterointerface to 
heterointerface which is sufficiently small to avoid 
significantly perturbing characteristics of the optical 
signal guided by the guiding layers. However, the 
use of stop-etch layers which perturb characteris- 
40 tics of the optical signal is contemplated provided 
that the overall effect does not significantly impair 
operation of the tapered waveguide. 

Realization of tapering occurs by sequential 
mask/etching which begins by covering the upper- 
45 most guiding layer shown as layer 21 with 
photolithographic mask 22 as shown in FIG. 2. 
Photoresist masks such as Shipley or AZ or the 
like are suitable for use as mask 22. Deposition 
techniques such as CVD or the like are also suit- 
so able for depositing the mask. When employing the 
latter technique, silicon nitride or silicon oxide lay- 
ers are commonly used for masking. Mask 22 
includes an opening to define an exposed area of 
layer 21 . 

55 After the mask is in place, a material selective 

etchant is placed in contact with guiding layer 21 to 
remove the portion thereof exposed by the mask. 
Several wet chemical etchants have been shown to 
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be suitable for selectively removing quaternary 
semiconductor material such as exists in the 
heterostructure in FIG. 2. Examples of several 
selective etchants include: a solution of 
H 2 SCU:H 2 0 2 :H 2 0 in ratios such as 3:1:1 and 
10:1:1; or AB etchant wherein the A solution is 
approximately 40 ml. H 2 0 + 0.3g. AgNOs +40 ml. 
HF and the B solution is approximately 40 g. Cr0 3 
+ 40 ml. H 2Q ; or a solution of KOH:K3Fe(CN) 6:H2 0. 
Etching time varies according to the thickness of 
the particular quaternary layer, temperature, and 
alloy composition ratios for the layer. Usually etch- 
ing is halted by rinsing the etchant away with, for 
example, deionized water. Mask 22 may be re- 
moved at this point or after the removal of the 
exposed portion of stop-etch layer 20. 

After the exposed portion of layer 21 is re- 
moved, the vertical edges of layer 21 are suitable 
for masking the exposed portion of stop-etch layer 
20. Etchants such as HCI or HCkHsPO* (e. g., 2:1) 
are useful in etching InP stop-etch layers. In gen- 
eral, etchants such as HCI continue to react with 
InP until a particular crystallographic plane is ex- 
posed. As such, rinsing may or may not be re- 
quired to halt the etching of layer 20. 

To continue the tapering process, it is neces- 
sary to form photolithographic mask 30 on layer 21 
as shown in FIG. 3. Mask 30 is substantially 
aligned on one side with the end of the former 
opening for mask 22, now removed. The opening in 
mask 30 exposes a larger portion of layer 21 
(extending to the left of the removed portion). As a 
result, portions of both guiding layers 21 and 19 
are exposed for subsequent etching. The process 
described above is useful for developing a concep- 
tual understanding of the tapering process. In ac- 
tual wafer production, chips are flip-flopped so that 
a descending taper from one chip flows into an 
ascending taper for another chip. Then, a cleave 
would be made between the descending and as- 
cending tapers. Also, it should be noted that the 
tapering process is performed generally before lat- 
eral processing occurs for defining waveguide verti- 
cal sidewalls and the like. 

Material selective etchants are applied to the 
exposed portions of the guiding layers to expose 
the underlying stop-etch layer, layers 20 and 18. 
This etching step is substantially halted by the 
stop-etch layers. If necessary, the etching step 
may be completely halted by rinsing to remove the 
etchant. Other material selective etchants are then 
applied to now exposed portions of stop-etch lay- 
ers 20 and 18 to remove those portions. An exem- 
plary resulting structure from the sequential 
mask/etch procedure is shown in FIG. 3. 

This procedure is carried on with additional 
mask/etch steps wherein each photolithographic 
mask defines an opening which is larger, by a 



predetermined amount, than the opening defined 
by the previous masks. For the initial structure 
shown in FIG. 1, the sequential mash procedure 
results after five iterations with a staircase-like ta- 

5 pered profile as shown in FIG. 4. 

As shown in FIG. 4, an additional cladding 
layer 40 is epitaxially grown over the exposed 
tapered waveguide. Layer 40 is selected from ma- 
terials having a lower refractive index than that of 

70 the tapered structure. While the cross-sectional 
view shows cladding for the guiding layers from 
above and below the heterostructure, it is con- 
templated that lateral or transverse cladding re- 
gions be formed around the tapered heterostruc- 

75 ture. 

Demarcations x - x' and y - y denote the 
reference points at the outermost guiding layers at 
each end of the taper. The corresponding refer- 
ence points are depicted in directions perpendicu- 

20 lar to the propagation axis along which optical 
signals generally propagate. 

These reference points are useful in comparing 
the spatial modes at various locations along the 
taper. As shown in FIG. 6, the optical signal having 

25 spatial mode 60 is input to the tapered waveguide 
and is confined substantially between the reference 
points x - x' of guiding layers 1 1 through 21 . The 
central modes of the signals have been shifted to 
permit a better appreciation of the taper operation. 

30 Note that the signals have not been drawn to scale. 
When the optical signal traverses the tapered 
waveguide, the optical signal undergoes adiabatic 
beam expansion with increasing optical power cou- 
pling into the cladding region around the taper. 

35 Upon reaching the taper output, the optical signal 
has a mode as depicted by spatial mode 61 which 
is significantly larger than the beam at the taper 
input and a still guided by the guiding layer whose 
reference points are y - y' (e. g., layer 11). Accord- 

40 ingly, the spatial mode of the optical signal travers- 
ing the taper is forced to make an adiabatic transi- 
tion from a tightly controlled mode such as output 
by a laser to a significantly larger mode which is 
excellent for fiber coupling, for example. 

45 By expanding the mode size, it is possible to 

control and reduce the beam divergence for optical 
signals output by the tapered waveguide. This is 
possible because large fundamental spatial mode 
output from the tapered waveguide exhibits a sub- 
so stantially flat phase front. Beam divergence control 
has been observed from far field measurements 
taken on a waveguide device similar to the one 
described above wherein the tapered waveguide 
decreased from approximately 3000A (x - x') to 

55 approximately 500A (y - y ) over a length exceed- 
ing 100um measured along the propagation axis. 
Full half power angles for the far field radiation 
patterns were observed between 10° and 12° for 
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both vertical and horizontal transverse axes. 

In an exemplary embodiment and application, 
the tapered waveguide is employed inside a laser 
cavity having a multiple quantum well active layer 
structure along a portion of the resonator cavity 
length before the tapered waveguide. The multiple 
quantum well layer structure includes an active 
stack of wells having a photoluminescence 
wavelength \ p ~1.5um. The multiple quantum well 
active stack comprises four quantum wells having a 
total thickness of approximately 800A utilizing In- 
GaAs and InGaAsP (1.3/xm) as the well and barrier 
materials, respectively. The active layer structure 
(not shown) is situated on top of the taper 
heterostructure of FIG. 1, and is separated from 
layer 21 by an InP stop-etch layer (also, not shown) 
having a thickness of approximately 200 A. The 
active layer structure and the stop-etch layer im- 
mediately thereunder are removed to leave a pas- 
sive transparent waveguide heterostructure along a 
predetermined portion of the laser cavity, which is 
then transformed into the tapered waveguide in 
accordance with the principles described herein. 
Stop-etch layer 20 and the remaining stop-etch 
layers were approximately 200A thick. Guiding lay- 
ers 21 through 11 comprises InGaAsP (1.3am). 
Guiding layer 21 having a thickness .of approxi- 
mately 1025A is extended beyond the etched end 
of the active layer stack and its underlying stop- 
etch layer (both not shown) by approximately 
20um. Guiding layer 19 having a thickness of ap- 
proximately 700A is extended beyond the etched 
end of layers 21 and 20 by approximately 20um. 
Guiding layer 17 having a thickness of approxi- 
mately 425A is extended beyond the etched end of 
layers 19 and 18 by approximately 25um. Guiding 
layer 15 having a thickness of approximately 300A 
is extended beyond the etched end of layers 17 
and 16 by approximately 30um. Guiding layer 13 
having a thickness of approximately 250A is ex- 
tended beyond the etched end of layers 15 and 14 
by approximately 40um. Guiding layer 1 1 having a 
thickness of approximately 500A is extended be- 
yond the etched end of layers 13 and 12 as the 
output guiding layer of the tapered waveguide de- 
vice. While the tapered waveguide described above 
has a somewhat non-linear tapered profile, linear, 
quadratic, logarithmic, exponential or any other de- 
. sirable profiles are contemplated and achievable by 
properly varying the length, or the thickness, or the 
length and thickness of the various guiding layers 
included in the tapered structure. It should be clear 
to those skilled in the art that the extension of one 
guiding layer past the etched end of the prior layer 
is preferably selected to be longer than several 
optical wavelengths to insure proper adiabatic 
changes in the waveguide mode profile. Typically, 
these extensions are on the order of several 



microns. 

Additional beam control or beam shaping is 
afforded by including one or more guiding layers in 
the cladding region around the tapered structure. 

5 Such additional guiding layers tend to contain the 
optical power to the vicinity of the tapered struc- 
ture, and can lead to more desirable beam profiles. 
Asymmetric and symmetric displacements of the 
additional guiding layers are contemplated for 

io beam control and shaping. 

One exemplary embodiment of a beam control 
and shaping element combined with the tapered 
waveguide is shown in FIG. 5. Tapered waveguide 
structure 50 comprising interleaved guiding and 

is stop-etch layers is surrounded by a lower refractive 
index cladding region including cladding layers 51, 
53, 54 and 56. Within the cladding, region are 
disposed higher refractive index guiding layers 52 
and 55 for controlling the shape of the spatial 

20 mode for the optical signal output from the tapered 
waveguide. 

FIG. 7 shows the effects of beam control and 
shaping in accordance with the structure from FIG. 
5. The central modes of the signals have been 

25 shifted to permit a better appreciation of the taper 
operation. Note that the signals have not been 
drawn to scale but should suffice for this analysis. 
In this example, additional optical signal power has 
been guided to the taper output by the inclusion of 

30 beam shaping via guiding layers 52 and 55 in the 
cladding region. In comparison to taper output sig- 
nal 61 , taper output signal 71 includes more output 
power between reference points z - z and has 
some additional shaping in the mode at z (location 

35 73) and z (location 72) as shown. 

Several benefits obtain from utilizing the ta- 
pered waveguide structure described above. The 
processing is standard and longitudinal in nature. 
Moreover, it is compatible with present technology 

40 employed in fabricating lll-V lasers and photonic 
integrated circuits. As a result, the waveguide is 
integrable with photonic devices and exhibits high 
reproducibility. Critical alignment has been sub- 
stantially reduced by the large taper optical output, 

45 so that the tapered waveguide device will permit 
greater packaging tolerances. The taper design is 
usually established to achieve equal loss at each 
step interface from guiding layer to adjacent guid- 
ing layer. 

50 

Claims 

1. A method for etching a multilayer semiconductor 
55 heterostructure body to form a waveguide device, 
said multilayer semiconductor heterostructure body 
including guiding layers and stop-etch layers inter- 
leaved with each other, the method comprising the 



BNSDOCID; <EP 041 1816A2_I_> 



9 



EP 0 411 816 A2 



10 



steps of: 

contacting a surface of a predetermined exposed 
guiding layer portion with a first material selective 
chemical etchant for a time period sufficient to 
expose a corresponding predetermined stop-etch 
layer portion; 

contacting a surface of a predetermined exposed 
stop-etch layer portion with a second material 
selective chemical etchant for a time period suffi- 
cient to expose a corresponding predetermined 
guiding layer portion; 

iterating in sequence the first contacting step fol- 
lowed by the second contacting step wherein the 
predetermined exposed layer portions during a giv- 
en iteration are longer than and include at least the 
predetermined exposed layer portions for previous 
iterations so that a staircase-like tapered v/aveguide 
profile is formed. 

2. The method defined in claim 1 wherein the 
multilayer semiconductor heterostructure body 
comprises semiconductor material consisting of 
compositions selected from Groups III and V and 
Groups II and VI. 

3. The method defined in claim 2 wherein the 
guiding layers comprise InGaAsP and the stop-etch 
layers comprise InP, and wherein the first material 
selective etchant comprises H2SO^:H 2 02:H 2 0 and 
the second material selective etchant comprises 
HCI. 

4. The method defined in claim 3 wherein the 
second material selective etchant comprises 
HCl:H 3 PO+. 

5. The method defined in claim 1 wherein each 
guiding layer extends along a predetermined axis 
of said multilayer semiconductor heterostructure 
body sufficiently far for said guiding layers to ex- 
hibit a staircase-like profile selected from the group 
consisting of linear, parabolic and exponential pro- 
files. 

6. The method defined in claim 2 wherein the 
guiding layers comprise InGaAsP and the stop-etch 
layers comprise InP, and wherein the first material 
selective etchant comprises AB etchant solution 
and the second material selective etchant com- 
prises HCL 

7. The method defined in claim 6 wherein the 
second material selective etchant comprises 
HCkHaPO*. 

8. The method defined in claim 2 wherein the 
guiding layers comprise InGaAsP and the stop-etch 
layers comprise InP, and wherein the first material 
selective etchant comprises KOH:K 3 Fe(CN) 6 :H 2 0 
and the second material selective etchant com- 
prises HCI. 

9. The method defined in claim 8 wherein the 
second material selective etchant comprises 
HCI:H 3 PO*. 

10. A tapered waveguide having a propagation axis 
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and a reference plane defined normal to said prop- 
agation axis, wherein the tapered waveguide com- 
prises a plurality of guiding layers including a first 
semiconductor material, and a plurality of stop-etch 

5 layers including a second semiconductor material, 
said stop-etch layers arranged alternately with said 
guiding layers, and each guiding layer arranged to 
extend from said reference plane along said propa- 
gation axis further than said guiding layer imme- 

70 diately adjacent thereabove. 

11. The tapered waveguide defined in claim 10 
further including a cladding region substantially 
surrounding exterior surfaces of said pluralities of 
guiding and stop-etch layers, said cladding region 

75 comprising third semiconductor material, said first 
semiconductor material having an index of refrac- 
tion which is greater than an index of refraction for 
said third semiconductor material. 

12. The tapered waveguide defined in claim 11 
20 wherein said first, second and third semiconductor 

materials are selected from the group consisting of 
Group Ill-V compositions and Group ll-VI composi- 
tions. 

13. The tapered waveguide defined in claim 11 
25 wherein said first semiconductor material includes 

InGaAsP, and said second and third semiconductor 
materials include InP. 

14. The tapered waveguide defined in claim 10 
wherein each guiding layer of said plurality extends 

30 along the propagation axis sufficiently far for said 
plurality of guiding layers to exhibit a staircase-like 
profile selected from the group consisting of linear, 
parabolic and exponential profiles. 

15. A tapered waveguide having a propagation axis 
35 and a reference plane defined normal to said prop- 
agation axis, wherein the tapered waveguide com- 
prises a plurality of guiding layers including a first 
semiconductor material, and a plurality of stop-etch 
layers including a second semiconductor material, 

40 said stop-etch layers arranged alternately with said 
guiding layers, and each guiding layer arranged to 
extend from said reference plane along said propa- 
gation axis further than said guiding layer imme- 
diately adjacent thereabove, a cladding region sub- 

45 stantially surrounding exterior surfaces of said plu- 
ralities of guiding and stop-etch layers, said clad- 
ding region comprising third semiconductor materi- 
als, said first semiconductor material having an 
index of refraction which is greater than an index of 

so refraction for said third semiconductor material, 

said cladding region further including means for 
controlling a predetermined characteristic of ligh- 
twave signals propagating along said tapered 
waveguide. 

55 16. The tapered waveguide defined in claim 15 
wherein said controlling means comprises at least 
a first beam control layer including a fourth semi- 
conductor material having an index of refraction 

6 
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greater than said index of refraction for said third 
semiconductor material, said first beam control lay- 
er being disposed parallel to said plurality of guid- 
ing layers. 

17. The tapered waveguide defined in claim 16 5 
wherein said first through fourth semiconductor ma- 
terials are selected from the group consisting of 
Group lll-V compositions and Group ll-VI composi- 
tions. 

18. The tapered waveguide defined in claim 16 10 
wherein said controlling means further comprises a 
second beam control layer including a fifth semi- 
conductor material having an index of refraction 
greater than said index of refraction for said third 
semiconductor material, said second beam control 75 
layer being disposed parallel to said plurality of 
guiding layers and on an opposite side of said 
plurality of guiding layers from said first beam 
control layer. 

19. The tapered waveguide defined in claim 18 20. 
wherein said first through fifth semiconductor ma- 
terials are selected from the group consisting of 
Group lll-V compositions and Group ll-VI composi- 
tions. 

20. The tapered waveguide defined in claims 17 or 25 
19 wherein each guiding layer of said plurality 
extends along the propagation axis sufficiently far 

for said plurality of guiding layers to exhibit a 
staircase-like profile selected from the group con- 
sisting of linear, parabolic and exponential profiles. 30 
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© Adiabatic mode control and structural reproduc- 
ibility are achieved by a tapered semiconductor 
waveguide structure wherein semiconductor guiding 
layers are interleaved with stop-etch layers and each 
guiding layer extends further along the propagation 
axis of the waveguide further than the guiding layer 
immediately adjacent thereabove to create a 
staircase-like core or guiding structure. Cladding re- 
gions of appropriate semiconductor material having a 
lower index of refraction than the tapered core struc- 
ture may be added to completely surround the ta- 
pered guiding structure. The profile of the tapered 
structure is realizable as any desired staircase-like 
shape such as linear, parabolic, exponential or the 
like. Additional layers of higher index of refraction 
semiconductor material may be included in the clad- 
ding region to permit additional beam shaping of the 
expanded spatial mode propagating along the ta- 
pered waveguide. 

Photolithographic masks defining successively 
larger exposed areas are aligned, deposited over the 
waveguide structure, and then removed following 
each etching step. Material selective etching tech- 
niques are employed to remove exposed 



(unmasked) portions of guiding layers. In sequence, 
the exposed, formerly underlying portions of the 
stop-etch layers are then removed using material 
selective etching. Iteration of the above process 
steps permits a tapered waveguide structure to be 
defined. 
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